annotated in the FANTOM-2 annotation. We have also produced 547,149 5Ј end reads, which clustered into 124,258 groups. Altogether, these cDNAs were further grouped in 70,000 transcriptional units (TU), which represent the best coverage of a transcriptome so far. By monitoring the extent of normalization/subtraction, we define the tentative equivalent coverage (TEC), which was estimated to be equivalent to >12,000,000 ESTs derived from standard libraries. High coverage explains discrepancies between the very large numbers of clusters (and TUs) of this project, which also include non-protein-coding RNAs, and the lower gene number estimation of genome annotations. Altogether, 5Ј-end clusters identify regions that are potential promoters for 8637 known genes and 5Ј-end clusters suggest the presence of almost 63,000 transcriptional starting points. An estimate of the frequency of polyadenylation signals suggests that at least half of the singletons in the EST set represent real mRNAs. Clones accounting for about half of the predicted TUs await further sequencing. The continued high-discovery rate suggests that the task of transcriptome discovery is not yet complete.
[Supplemental material available online at www.genome.org.]
One of the primary goals of genome sequencing projects is to identify the genome sequences that are transcribed into functional mRNAs, so that full-length cDNAs can be isolated to allow further downstream biology, and functional and structural genomics. The limitations of a priori genome annotation dictate that the transcriptome needs to be identified experimentally via cDNA cloning and sequencing. Although expressed sequence tags (ESTs) (Adams et al. 1991 (Adams et al. , 1995 Hillier et al. 1996; Marra et al. 1999; Kargul et al. 2001 ) and ORESTES (Camargo et al. 2001 ) have been extremely valuable for new gene discovery, these approaches have not allowed highthroughput recovering of full-length cDNA clones nor definition of protein sequence derived from actual cDNA clones. To overcome such problems, we undertook from the year 1995, a strategic project aimed at the comprehensive collection of at least one full-length cDNA derived from each mouse gene, a strategy that is recently becoming useful in similar projects to collect full-length gene collections (Stapleton et al. 2002; Strausberg et al. 2002) .
Because of the limited processivity of reverse transcriptase and other limitations, standard cDNA libraries generally contain a majority of truncated transcripts. The introduction of full-length cDNA libraries by Cap-Trapper or other technologies that take advantage of the peculiarity of the capstructure, (Carninci et al. 1996 Suzuki et al. 1997; Carninci and Hayashizaki 1999; Mizuno et al. 1999) did not solve this problem completely.
To enable more effective cloning of longer transcripts and representative sampling of the full spectrum of mRNA lengths, we first developed methods on the basis of thermoactivation of the reverse transcriptase (Carninci et al. , 2002b to enable synthesis of long first-strand cDNAs exceeding 23 Kb. We have also shown that our cloning vectors, -FLC-I, -FLC-II, and -FLC-III , which allow routine bulk excision of cloned cDNA into plasmids for sequencing, also permit improved cDNA library diversity. This is due to the peculiar preferential cloning of a larger insert size (2.5∼3.0 Kb), which is markedly larger than cDNA libraries prepared with other available vectors and resembles the size of starting mRNA. We have shown that the gene discovery of libraries prepared with -FLC vectors was improved by >60% compared with conventional vectors and that, before the mouse draft genome sequence was available, the rate of 5Ј sequence novelty was about 3.5-fold improved .
To maximize the gene discovery, we have also developed methods for normalization and subtraction of full-length cDNAs , and in this work, we have fully extended the capability of normalization/subtraction to the highest extent of coverage rate of any transcriptome described so far, supported by an extensive tissue sampling.
We have also prepared this project by developing a sequencing line (RISA sequencing analyzer system), which is ad hoc designed for the routing, quality control, and large-scale sequencing of full-length cDNA clones .
Complementary technologies included modifications of cDNA library preparation to facilitate sequencing, such as the removal of the original G/C stretches used to clone the 5Ј ends (Shibata et al. 2001a ) and the removal of poly(A) stretches (Shibata et al. 2001b) . In later stages, we have improved the quality of the starting substrate, by developing a method for the extraction of cytoplasmic RNA from fresh and frozen tissues (Carninci et al. 2002a) , so that the starting material for library construction is essentially devoid of unspliced introns.
To enable rapid prioritization for full-length sequencing , we developed a strategy to promptly cluster sequences from newly sequenced cDNAs into preclustered groups , which are the backbone of our database and allow prompt evaluation of newly constructed cDNA libraries necessary for monitoring the library quality and gene discovery rate.
In this work, we summarize the gene discovery process (Phase I) on the basis of sequencing and characterization of cDNA clones derived from 246 cDNA libraries, including 380 sublibraries. We analyze the factors that are necessary to target a complex transcriptome and evaluate the current transcriptome coverage. We used the concept of clusters to identify provisional transcriptional units (TU). A TU is computationally defined to be a group of transcripts that contain a common core of genetic information having the same orientation, which does not necessarily correspond to proteincoding regions . From this collection, 60,770 fully sequenced cDNA clones have been function annotated Okazaki et al. 2002) and used for genetics studies, expression profiling (Miki et al. 2001 ), protein-protein interaction studies (Suzuki et al. 2003) , and alternative splicing (Kochiwa et al. 2002) . The analysis of polyadenylation signals also suggests that a majority of the 3Ј ends are likely to be true ends. The 5Ј and 3Ј ESTs, together with the fully sequenced cDNA , constitute the most comprehensive description of any transcriptome, allowing us to identify the borders of the transcribed regions, and are, therefore, essential to describe the transcriptional units and transcriptional starting points and promoters. The majority of the libraries were derived from the strain C57Bl6/J, whose genome sequence has just became available (Waterston et al. 2002) .
RESULTS

Gene Discovery by Sequencing
We based the gene discovery on large-scale sequencing of libraries enriched for full-length subtracted/normalized cDNA. We clustered cDNA sequences from 3Ј-end reads , because 3Ј cDNA priming is relatively reliable due to reduced internal priming of cDNA (Mizuno et al. 1999 ) with the trehalose thermoactivated reverse transcriptase . At the outset of this project, there was neither genome sequence draft nor extensive information on fulllength cDNA, so cDNA grouping-based 5Ј-end clustering was not undertaken, because we anticipated that, beside alternative promoters and multiple transcriptional starts, non-fulllength clone from low-quality libraries would artificially increase the apparent number of clusters leading to redundant full-length sequencing. It became evident from the first round of annotation of full length sequences ) that 3Ј-end clustering of deeply sequenced libraries still overestimates the number of Tus, due to the high frequency of alternative polyadenylation and accumulation of internal priming. In later stages of this project, we sequenced the 5Ј ends of representative clones of 3Ј-end clusters before full-insert sequencing . Subsequently, 5Ј sequencing was carried out routinely, because of greater frequency of known full-insert cDNA sequences and the mouse genome sequence.
The quality of each library was first evaluated by sequencing both ends of 2∼10 of 384-well plates for CDS integrity, novelty (appearance of new clusters), and problems (Table 1, complete table at www.genome.org). Thereafter, massive 3Ј-end sequencing of satisfactory libraries was continued, and the output was evaluated continuously until the internal redundancy was 2 (i.e., on average each sequence was represented twice) or until <10% of the new sequences produced new clusters/singletons. CDS integrity was scored by aligning 5Ј ESTs to mouse known sequences annotated as mRNA and complete CDS, assuming that the average quality of the other cDNA was the same . The CDS score (Table 1, complete table at www.genome.org) is then important for choosing clones for full-insert sequencing. To statistically support the full-length rate evaluation of strongly subtracted libraries, we have also been using the EST score, obtained by aligning the RIKEN libraries sequences to clusters of 5Ј ESTs . Although this correlated well with the CDS score, the EST score became unnecessary at a later stage, when a large quantity of complete mRNA sequences became available. Similarly, the 3Ј CDS score considered positive the cDNA clones that showed alignment extending downstream to the annotated stop codon. The final analysis (Table 2 ) of 5Ј and 3Ј ends against a larger data set versus complete mouse CDS suggests that 89.1% and 96.5% of the protein-coding cDNAs are, respectfully, 5Ј and 3Ј intact in relationship to CDS, suggesting that ∼85.7 % of clones have both ends complete.
For quality control, we did not consider the completeness of the UTR regions, because variability of the starting site (Suzuki et al. 2001a,b) , 5∼50 bp trimming of 5Ј ends in the reference cDNA clones generated by conventional methods (Gubler and Hoffman 1983) and variation of polyadenylation sites (Beaudoing et al. 2000; Iseli et al. 2002) , which also suggest that public databases probably do not contain all of the existing full-length UTR variations.
Multiple Strategies Are Necessary for Gene Discovery
Gene discovery was monitored by 3Ј-end clustering . Except for the library 01 ; Table 1,  complete table at www. genome.org), the remaining 245 libraries were enriched for full-length cDNAs by Cap-Trapper (Carninci et al. 1996 Carninci and Hayashizaki 1999 ; Tables 1 and 3) . Such libraries, represented in chronological order (Table 1, complete table at www.genome.org), include 390 sublibraries that represent different cDNA cloning events from the same starting mRNA and usually differ for cDNA preparation protocols, such as normalization, subtraction, cloning vector, or size selection. Mixed libraries were prepared by mixing first-strand cDNAs carrying 6-base sequence tags between the oligo-dT primer and the cloning site, and were not counted as separated sublibraries. A general schema of the library preparation and sequencing pipeline is shown in Figure 1 . Monitoring the overall gene discovery efficiency between sublibraries has been instrumental in improving the strategy throughout the project. Figure 2 shows the result of monitoring the gene discovery throughout the project. An expanded analysis displaying gene discovery for each library (Fig. 2 ) was used to monitor and manage the gene discovery, which relied on frequent update of clustering.
Sources of mRNA
We assumed that discrete mRNA expression of specific genes is often restricted to particular tissues or developmental stage, or to a subset of cells within a large tissue. Therefore, we collected mRNA from mouse samples from a very wide variety of tissue and developmental stages, sacrificing more than 35,000 mice (embryos and adults).
In the absence of a suitable cytoplasmic mRNA extraction protocol at the beginning of the project, we used whole RNA or mRNA derived from whole RNA (including nuclear RNA). An analysis of fully sequenced cDNA clones of known protein-coding genes suggested that 7.3∼9.7% of the cDNAs retain unspliced introns when, respectively, they are manually curated or computationally analyzed. To overcome this problem, in a later stage we used cytoplasmic RNA, which is devoid of nuclear RNA and contaminating of incompletely spliced mRNA, when cytoplasmic RNA from a large variety of tissues became available (Carninci et al. 2002b) . From cytoplasmic RNA, we have sequenced 96,967 5Ј ends and 144,752 3Ј ends, producing 21,348 3Ј-end clusters and 10,675 3Ј-end singletons.
Microdissection
We prepared full-length libraries from small tissues, including 71 microdissected tissues (Tables 1 and 3) . To this end, we modified the Cap-Trapper for small quantities of total RNA, without PCR, which might skew representation, especially at expanses of long cDNAs and would affect comprehensiveness of gene discovery. In fact, library 01 (Blastocyst) ; Table 1 , complete table at www.genome.org), constructed with a PCR-based cap-switch kit, produced only 924 clusters after 3187 sequencing passes (redundancy 3.45). In contrast, cap-trapped cDNA libraries produced from embryo mRNA without PCR amplification allowed much better gene discovery, for example, library I1 (blastocyst) with 4513 clusters after 8128 sequencing passes (redundancy 1.8), library 74 (fertilized egg) with 3285 clusters/7602 passes (redundancy 2.31), and library B0 (embryo, 2 cell stage) with 5810 clusters/ 16,483 passes (redundancy 2.84). These captrapped libraries showed even lower redundancy after sequencing ∼3000 clones, highlighting the advantages of not using PCR. Globally, small-scale libraries allowed the isolation of >39,000 of the 3Ј-end singletons (Table 3) .
Vectors
Introduction of the -FLC vectors ) resulted in improved gene discovery (Fig. 2) , due to the larger average cloning size (2.5-3Kb) if compared with conventional vectors (-Zap or plasmid), which resulted in average insert size of 1.0∼1.5 Kb (Table 1 , complete table at www.genome.org). Table 3 shows that the majority of the clusters plus singletons of the cDNA could be cloned in one of the three -FLC vectors, except for 6458 3Ј singleton and 2328 3Ј clusters (total, 4.7% of the total groups) that seem to be represented only in the -Zap vector. Uniqueness rate of clusters plus singletons has been considerably higher for the -FLC libraries (11%) compared with -Zap libraries (4.6%), both because of strong subtraction and larger insert cloning. Clones in -FLC-II and -FLC-III, which can be excised into functional vectors without insert cleavage , constitute, respectively, 15,712 and 8,549 groups, and are promptly amenable for transferring in expression vectors.
Normalization and Subtraction
To further select by sequencing rarely expressed mRNAs, we normalized/subtracted the cDNAs before cloning, after developing a method that does not cause cDNA degradation during these procedures . Generally, normalization was used when the quantity of starting mRNA (>5 µg) was sufficient to spare an aliquot for the preparation of a normalizing driver , and, therefore, was not possible for small tissues. Subtraction was used either alone or in combination (single step) with normalization whenever we had more than 200-300 ng of cap-trapped cDNA. Subtraction was omitted when preparing normalized cDNA libraries from cytoplasmic mRNA, introduced late in the project, to prepare a set of cDNA clones that have low probability of retained unspliced introns, which were then prioritized for full-length insert sequencing. Late in the project, a subtraction method based on amplified libraries became available (T. Hirozane-Kishikawa and P. Carninci, unpubl.) , which is essentially adapted from another technology , but using as starting substrate, plasmid extracted from amplified libraries rather than plasmid-amplified libraries to minimize size bias (Fig. 1) .
Subtraction drivers were routinely prepared by promptly rearraying representative Fig. 1 ) used to prepare RNA run-off drivers by bulk in vitro transcription. We also used nine minilibraries (see Methods) that were prepared by cloning the abundant fraction of cDNA, which is the side product of a normalization procedure of early normalized libraries, followed by amplification of 1000-2000 clones to eliminate rarely expressed genes incidentally present in the mini-library. Therefore, mini-library clones consist mainly of highly expressed mRNAs.
Normalization almost doubled the gene discovery compared with non-normalized cDNA libraries , and this is further improved for normalized/ subtracted libraries (e.g., compare standard versus normalized/subtracted sublibraries from libraries 24, 30, and 31; Table 1, complete table at www.genome.org). Furthermore, the reiterative, combined subtraction/ normalization strategy supported by prompt rearray of clones allowed preparation of libraries by which the gene discovery rate has been consistently high (Fig. 2) . Satisfactory libraries showed redundancy Յ2 after sequencing 15,000-20,000 cDNA clones.
The specificity of the normalization/subtraction was proven by showing that the frequency of B1 and B2 repeats in 3Ј ends does not change with subtraction, ruling out nonspecific removal of related but different sequences . In a further analysis, among 208,668 sequences (June 2000) from normalized/subtracted libraries, 982 sequences (0.41%) corresponded to 26 actin family members. Of these, 117 sequences only (11.9%) had a correspondent in the subtracting driver, whereas the majority were derived from the genes absent in the driver. In comparison, of 39,971 sequences sampled from standard cDNA libraries, 204 clones (0.51%) represented actin family members, of which half (102) had a correspondent in the driver used at that time, suggesting that subtraction caused at least a 4.2-fold enrichment of sequences absent in the driver. Failure to subtract the remainder may be due to incomplete hybridization or removal of the hybrid, exceptional over-representation of the tester, and failure to replicate or efficiently transcribe RNA drivers Generally, these data also demonstrate that the normalization/subtraction procedures are relatively free of flaws, which have been supposed to impair gene discovery (Wang et al. 2000) , probably because the poly(A) tail of cap-trapped libraries have controlled length, and, therefore, cDNAs are not removed nonspecifically by 3Ј-end interactions.
Clusters Distribution
Monitoring the appearance of new singletons and clusters shows a clear trend (Fig. 3) . Highly expressed mRNAs appeared early in the project and from multiple libraries and reached a plateau of about 20,000 clusters with more than 10 sequences, of which 14,316 appeared in at least 10 different libraries. Similarly, the intermediately expressed clusters were found early, although this group is less represented than the highly expressed ones. These classes did not further increase, even following deep sequencing of later libraries. Instead, the class of intermediate rare clusters, with 2-5 appearances in the whole project and from 2 to 5 libraries, has been steadily growing. Altogether, there are more than 58,000 clusters that appeared from different libraries, which can be considered bona fide 3Ј ends with high confidence. However, 3Ј ends are not limited to this group because of tissue restriction of gene expression. Finally, a large quantity of singletons or clusters derived exclusively from a single library appeared concomitantly to strong subtraction, special tissue sampling, and choice (Fig. 3) . Alternatively, as there were few switches between these classes of expression, even when nonsubtracted libraries (small-scale and cytoplasmic mRNA libraries) were used, we can conclude that a consistent portion of mRNA expression is restricted to specific tissue or development stages.
Coverage
Altogether, we have successfully sequenced 1,989,385 ESTs (5Ј + 3Ј) (Tables 1 and 2) , and have produced 720,959,679 bp of ESTs + finished full-length cDNA sequence data. As suggested in Table 3 , a transcriptome should be addressed by multiple approaches, including normalization, subtraction, and aggressive sampling of microdissected tissues. For instance, >400,000 3Ј-end ESTs were produced from small-scale libraries (including 71 microdissected plus small-scale cDNA libraries), which resulted in isolation of >29,300 3Ј singletons (Table 3) , as well as 29,332 3Ј-end singletons and 8,238 clusters that appeared only in small-scale libraries. This complemented the data obtained by sequencing 772,209 3Ј ends from strongly subtracted/normalized standard-scale cDNA libraries, which allowed isolation of almost 22,000 specific 3Ј-end clusters and ∼47,500 3Ј singletons.
Throughout the project, we have tracked the extent of hybridization for most of the cDNA libraries by checking the CPM (counts per minute) of radiolabeled cDNA before and after the normalization/subtraction. For instance, in library B2-300 (corpora quadrigemina), up to 95% of the mass of cDNA has been subtracted and the remaining 5% of cDNA was cloned and sequenced. For this library, we sequenced 4609 3Ј ends, identifying 428 unique clusters, which would be obtained by roughly sequencing >92,000 clones of a nonnormalized/subtracted library, allowing a much deeper collection of rare transcripts than would be allowed by a standard library. Similar calculation for all of the normalized/ subtracted libraries prompted us to define the tentative equivalent coverage (TEC), which was obtained by dividing the number of clones sequenced from each library by the fraction of cDNA that escaped removal by subtraction/ normalization. By keeping unchanged the sequences of the remaining nonsubtracted libraries, the total TEC exceeds 12,000,000 3Ј sequences. Such estimations are supported by improved gene discovery. For instance, the standard cerebellum library 15 shows ∼2.5% of unique clusters versus ∼10% of the subtracted library A7 ( Although such estimations should be verified experimentally, this approach seems to provide a coverage that is not inferior to SAGE, for which there are currently more than 6,000,000 tags in current databases (Boon et al. 2002) .
Our sequences cluster with >79% of the embryo-specific cDNA clone set from NIA (Kargul et al. 2001 ). We have not investigated further whether the nonoverlapping representative clones of the NIA represent alternative isoforms of our cDNA clones or are obtained because of deeper sequencing of preimplantation embryo libraries.
The use of fully sequenced FANTOM clones, on the basis of this collection, sequence of clones for which we had pairs of reads from 5Ј and 3Ј ends together with sequences in public databases, allowed us to define a set of more than 37,000 TU that mapped to the genome . If we include singletons, the number of candidates to be independent TU increased to ∼70,000, which certainly represent the most extensive coverage of a mammalian transcriptome so far. However, we have not attempted to reconvert the current clusters number to TU. We are confident that the number of TU will increase further, but this will require experimental validation on the basis of continued full-length cDNA sequencing.
Transcriptional Starting Site and Promoter Identification
We have shown previously that Cap-Trapper is at least as valuable as the Capfinder/Smart and the Oligo-Capping technique (Maruyama and Sugano 1994; Suzuki et al. 1997) in identifying transcriptional starting points (TSP) , which are very valuable for identifying promoter regions (Suzuki et al. 2001a,b) . Validation of the Cap-Trapper was performed with clusters derived from the same gene across several libraries, which also confirmed that . Here, we mapped the potential TSP of 8637 known genes (Table 4) , including tissue-specific ones. As 92.7% of clusters of more than two sequences extend the CDS, we can conclude that the majority of the remaining 67,186 of 5Ј end clusters (excluding singletons) also represent TSPs, In about 18% of cases, a new TSP was found to be >100 nucleotides upstream on the genome. A total of 609 clusters (7.2%) appeared only in one tissue type (as in Table 6 , below) and 1781 (21%) in a single developmental stage. The value of this resource was illustrated in our recent experimental validation of the transcription start sites of the tartrate-resistant acid phosphatase locus, in which we identified four separate transcription start sites used in different tissues (Walsh et al. 2003 ).
Cap-Selection Does Not Enrich for 3Ј Truncated Clones
Because 3Ј truncation of cap-selected libraries and oligo-dT primed libraries has been a major concern (Bashiardes and Lovett 2001; Nam et al. 2002) , we evaluated the extent of this problem in our set by aligning 3Ј ends with the mouse RefSeq data set with annotated polyadenylation (685 sequences taken in September 2000). There were 44,614 RIKEN sequences that aligned to the RefSeq data set, belonging to 1160 clusters. Of them, 995 sequences (2.2%) and 103 clusters (8.8 %) started inside the annotated CDS (3Ј truncated); 12.7% of the clones and 46% of the clusters started more than 50 nucleotides internally from the annotated polyadenylation site and were potential 3Ј UTR primed (PUP). These transcripts represent either alternative polyadenylation or 3Ј UTR nonspecific priming due to the relatively high A/T content (∼40%). To the same RefSeq data set we compared unclustered publicly available sequences derived from cDNA libraries that were not cap selected (Soares libraries, indicated as Unigene libraries Mm 30, 66, 70, 72, 86, and 90) . These were no better than cap-trapped libraries, showing 3.4% 3Ј truncation rate and 18.4% of PUP. Similarly, Oligo-Capped libraries (Mm 132, 135, and 135), showed 6.1% and 29.8% of 3Ј truncation and PUP and NCI-CGAP libraries (Mm 332, 333, 337, 340, and 341) , showed 4.2% and 23.5% of 3Ј truncation and PUP. Beside providing reassurance that Cap-Trapper does not enrich for 3Ј truncation, these data show the limitations of clustering only on the basis of one-end sequencing. 
Classes of Polyadenylation Sites
The 3Ј ends of full-length cDNAs are also essential to permit annotation of functional signals within the 3ЈUTRs, which contribute to stability regulation, polyadenylation, and localization within the cell and translation efficiency. This project identified >171,000 3Ј ends, of which 75,056 were clusters of two or more elements. In a preliminary analysis, we visually inspected 120 randomly selected 3Ј-end clusters corresponding to known mouse genes with an annotated poly(A) site. Among these, 99 clusters (82.5%) contained polyadenylation signals, of which 89 clusters (74.2%) corresponded to the sequence annotated previously and 17 (14.1%) represented alternative polyadenylation signals. Internal priming in A-rich regions accounted for eight clusters (6.7%), and six clusters (5%) were either internally primed on non-A-rich sequences or represented new unconventional polyadenylation sites. Among the 120 clusters, 70.74% also showed canonical polyadenylation sequences (AAUAAA and AUUAAA). This proportion is identical to the observed frequency in human annotated mRNAs (Gautheret et al. 1998) . By EST analysis, alternative polyadenylation seems to occur in at least 29%-40% of genes (Gautheret et al. 1998; Beaudoing et al. 2000) , and many more such variable polyadenylation events probably escape the analysis, due to long-range heterogeneity of the 3Ј ends (Iseli et al. 2002) .
We can classify 3Ј ends on the basis of polyadenylation signals. A total of 78.3% of the clones carried a signal, and in 76.3% of the cases, the signal was among the nine most represented . We further classify the appearance of poly(A) signals on the basis of the expression level by tracking the subtraction data. cDNA clones from libraries that were intermediately and strongly subtracted (200>RoT>50 and RoTՆ200) showed a significant decrease of the frequency of the strong polyadenylation sites (AAUAAA), but a slight increase of the weakest AUUAAA signal, as well some of the other weaker polyadenylation signals (Table 5) . Singletons, which represent generally rare mRNAs that appeared only once in the course of the project, confirmed this trend, showing the presence of recognizable polyadenylation signals in only ∼49% of cases. Interestingly, the ratio of the strongest AAUAAA signal versus rarer, weaker s i g n a l s w a s n o t a b l y a l t e r e d . AAUAAA represents only 56% of the signals, with a concomitant slight increase of the AUUAAA, whereas the remaining weaker polyadenylation signals showed two-to more than fourfold increased frequency compared with clones in multiple clusters (Table  5 ). The strength of the polyadenylation signal is correlated to the elongation of the poly(A) tail, which in turn is correlated to translation efficiency (Wahle 1995) One might assume that strong polyadenylation/translation is not required for rarely expressed mRNAs, many of which appear to be noncoding RNAs . At least half of the singletons showed an unequivocal polyadenylation signal (Table 5) , thus suggesting that at least 48,000 of the cDNAs in this class are genuine processed mRNAs.
Tissue cDNA Encyclopedia
Subtraction, and to a lesser extent, normalization strategies detract from the usefulness of library of origin information as a source of insight into tissue-specific expression of particular transcripts. Nevertheless, there is still invaluable information to be obtained by tracking such information. To this end, we kept track of the original tissues even in mixed cDNA libraries, by using tagging cDNAs even in mixed libraries. Several libraries included in the main groups of tissue (Table 6) were prepared before a large number of clones were rearrayed for subtraction (Table 1 , complete table at www.genome.org). Therefore, grouping libraries from tissues of similar origin may provide a de facto gene-expression profile.
Embryonic tissues produced fewer clusters than adult ones, perhaps because adult clusters allowed sampling by microdissection of very specialized tissues (such as inner ear), whereas in embryo, many whole tissues were used. The nervous tissue highlights the importance of microdissecting within a large tissue. In fact, 38,794 3Ј-end clusters (of which 7906 were unique to the central nervous tissue) and 21,290 3Ј-end singletons were produced from nervous tissue. Sampling of the peripheral nervous system (such as retina, inner ear, sympathetic ganglion), further produced 2180 3Ј-end Figure 1 Overall strategy for preparation of cDNA libraries and routing of rearrayed clones to prepare drivers for subtracting new cDNA libraries. From small samples of tissue (i.e., <15 µg of total RNA as template), the resulting cDNA could neither be normalized nor subtracted. When at least 15 µg of starting total RNA was available, cDNA was subtracted with a driver derived from a minilibrary set and nonredundant rearrayed library. For larger tissues, cDNA was prepared from mRNA. In this case, cDNA was also normalized by using an aliquot of the starting mRNA together with the subtraction step. Any newly prepared libraries went through this routine, making libraries prepared at a later time more strongly subtracted than those prepared earlier.
unique clusters and 5407 3Ј-end singletons. The cDNA obtained by preimplantation and early postimplantation from fertilized egg to 4.5 dpc, including 4999 3Ј-end singletons and 1515 specific 3Ј-end clusters required the largest effort in terms of sampling, and yet deserve more future attention. The reproduction represents a heterogeneous category of libraries from tissues such as ovary and testis at various stages of development and contains genes involved in germ-cell maintenance, but a very large complexity is produced by testis. During spermatogenesis, the methylation status is rearranged, and we could eliminate the possibility that such variability is caused by deregulated transcription, although in the annotation we did not observe particular over-representation of noncoding RNA specifically derived from testis libraries. It is also evident from Table 6 that there is room for gene discovery in certain tissues and categories, such as cancer.
Further work lies ahead to verify the global expression of such mRNAs, similar to what has been done for an initial set, the RIKEN 19K, analyzed for their expression in 50 tissues, expanded recently to a 60K set for 21 tissues, which gave additional clues to gene function (http://genome.gsc.riken. go.jp/READ/) (Miki et al. 2001; Bono et al. 2003) . Correlating expression analysis by sequencing subtracted libraries, microarray, and other methods such as SAGE will present further computational challenges. To this end, we have started grouping the tissues by adapting the nomenclature and tissue classification of The Mouse Anatomical Dictionary (http:// www.informatics.jax.org/menus/expression_menu.shtml) (Ringwald et al. 2001; Table 7, complete 
Nonredundant Set of cDNAs for Full-Length Sequencing
Clusters identify candidates for full-length cDNA sequencing (Phase II), which are generally selected from best scoring and cytoplasmic RNA libraries. Library 74-204 (fertilized egg) is an exception and was sequenced even though only a suboptimal fraction of cDNAs (52.9%) were predicted to be full length, because it was not feasible to recollect 5000 embryos (Table 1 , complete table at www.genome.org). Selection of clones for full-insert sequencing took place in real time and from libraries that showed best full-length score. About 67% of the 60,770 resequenced clones appeared to be full length, and the discrepancy with Table 2 can be attributed to better sequencing and finishing success rate for short cDNA clones and failures of recognizing clusters of truncated clones as such. In fact, due to clustering limitations previous to genome sequence availability, truncated cDNAs often became candidates for full-insert sequencing. Additionally, full-length sequencing operations show higher sequencing and finishing success rates for short cDNA clones.
Function Assignment
The contribution of these sequences to known protein sets is described elsewhere, as well as the completely curated assignment of cDNA function at the FANTOM1 and FANTOM2 an- Okazaki et al. 2002) and accompanying studies, and is therefore beyond the scope of this work. Before curated annotation, all ESTs are preliminarily analyzed by BLAST to assign temporary function when hitting a known gene, which currently happens for 65.5% of 5Ј and 54.7% of 3Ј EST clusters. In subtracted libraries, on average, 65% of the 5Ј end reads do also hit protein databases at E = 10 ‫91מ‬ , allowing additional temporary functional assignment for clones that are otherwise not curated. Relatively higher efficiency of 5Ј-end annotation may be due to truncated clones matching CDS regions, short 5Ј UTRs that do not prevent identification of CDS regions, and different coverage of the 5Ј and 3Ј data sets. Many of the clusters that are not annotated may simply be noncoding RNAs. Similarity searchbased functional information is available by searching our Web site (http:// genome.gsc.riken.go.jp/) for homology information. Retrieved sequences are displayed, together with features such as relevant homology to public databases and multiple alignments, with other clones in the mouse full-length cDNA encyclopedia. All of the sequences have been deposited with DDBJ, and are from there propagated to other databases, and then incorporated into the Unigene and various genome browsers.
DISCUSSION
Obtaining a complete view of a transcriptome is arguably more complex than sequencing a genome because of the huge dynamic range of mRNA expression, which requires tailored cDNA library construction and the nature of the mRNA itself, including alternative transcript, promoter, termination sites, and the presence of noncoding RNAs. Furthermore, clone identification, quality control, tracking, storage, and prioritization cannot be automated in the same way as shotgun sequencing of a genome. Full-length sequencing of individual cDNAs is also more painstaking than shotgun sequencing of genomic BACS. To gain complete representation of a transcriptome, one needs to sample the full diversity of tissues and the full diversity of inducible states. The extent to which this task is still ongoing is reflected in the high frequency of new transcripts identified when we recently sampled cells of the innate immune system responding to microbial stimulus (Wells et al. 2003 ; see Tables  1 and 7 , complete tables at www. genome.org). The rewards of transcriptome sequencing are proportionally great, as the full-length cDNA sequence gives an experimental validation of predictions that can only be made in silico from genome annotation or EST assembly. In this project, we have provided the model that can be applied to humans and to other mammals, and as other mammalian transcriptomes are completed, we will gain proportionally great insight into mammalian functional genomics.
One issue that occupies the minds of scientists and nonscientists alike is the number of genes (Ewing and Green 2000; Hogenesch et al. 2002; Crollius et al. 2000) . Because clustering tends to overpredict the number of mRNAs, we had combined initial clustering with genome-draft mapping and reintroduced the concept of TU . We estimated that there are ∼70,000 of them in the current data set. The TU counting simply differs with previous conservative gene counting, which focuses on protein-coding genes (Dunham et Figure 3 In the course of the gene discovery project (top), we monitored the appearance of singletons vs. clusters of various classes of size (middle) and number of libraries in which they appeared (bottom). Arrows 1, 2, and 3 show the date when increasingly larger subtracting drivers, respectively, consisted of 13,500, 37,500, and 126,000 rearrayed clusters, and were introduced for cDNA library subtraction.
al. 1999; Hattori et al. 2000) , The set of fully sequenced cDNAs annotated in FANTOM2 was clustered into ∼37,000 TU along with sequences from the public domain. Of these, ∼18,000 encoded proteins, which is significantly less than the 30,000 estimated, were based upon mouse (and human) genome annotation. This assessment supports the view that there are many additional and genuine TU still to be fully sequenced in the RIKEN cDNA set. In the most recent libraries, the rate of discovery of new singletons is still close to the linearity, suggesting that despite the depth of sampling, even this transcriptome cannot be considered finished, and other tissues/ differentiation states remain to be explored. This conclusion is also in keeping with recent direct analysis suggesting that the transcriptional output of the genome in humans greatly exceeds gene predictions (Kapranov et al. 2002) . Representation of a comprehensive collection of ESTs (Fig. 3) resemble an in silico representation of classical studies on the nature and complexity of the transcriptome by cDNA/RNA reassociation experiments (Galau et al. 1977) . Although our figure does not discern the most abundant mRNAs, the distribution of gene discovery resembles the renaturation profile and derived distribution of highly expressed mRNAs, intermediately expressed and rarely expressed (singletons), applied on the whole organism. Beside differences such as the subtraction, this analysis vindicates in silico pioneering observations on the basis of reassociation technologies of the existence of such expression classes.
The appearance of a large scale of clusters only in smallscale, microdissected libraries suggests that along with the universally expressed mRNAs, there is a considerable set of genes for which expression seems to be restricted to a subset of cells. We sampled many tissues extensively to obtain the largest variety of mRNAs and categorize genes involved in various biological phenomena. Further, the mouse afforded the great opportunity of sampling any developmental stage and preparing high-quality RNA from freshly dissected tissues. Beside libraries for all relevant adult tissues and biological phenomena such as proliferation, apoptosis, cell-cell communication, and lineage differentiation, pre-implantation and post-implantation embryonic development is covered extensively with 81 libraries that provide full-length cDNA clones and information for almost 80% of the clones of an existing set or embryonic libraries (Kargul et al. 2001) . Clearly, for these tissues, mouse full-length cDNAs will be essential to identify equivalent human mRNAs that are not readily accessible in human, especially for early post-implantation specimens.
Brain has been hypothesized to express at least half of the genes and, therefore, we sampled 52 neuronal tissues. Some peripheral nervous tissues or sensory system libraries, such as the sympathetic ganglion, retina, and inner ear showed surprising diversity from the central nervous system. We also characterized a relatively simple type of neural tissue, the cerebellum, and its development from birth to neonatal stage to define the variability of mRNA expression in a simplified neuronal tissue. Therefore, we prepared and sequenced seven libraries from neonate (P0 to 1 month), stages, when production of new cell types and extensive apoptosis occur, plus one adult library. A characterization of the cerebellar development was done previously (Diaz et al. 2002) . According to what has been described in this analysis, we have found genes that appear to be expressed differently. For instance, the Cam kinase II ␤, which was reported to increase during development of the cerebellum, appeared only once in adult cerebellum and peaks at postnatal day 10 with seven sequences. Math-1, reported to be expressed after birth and to decrease after 1 wk. Accordingly, two Math-1 cDNA clones were sampled only from the postnatal 0 day libraries. Similarly, most of the other genes reported to have specific expression patterns (Diaz et al. 2002) appeared in cerebellum libraries but, due to normalization/subtraction, their count was not sufficient for statistical analysis. On the contrary, normalization/subtraction strategies have produced ∼5700 clusters that are unique to various stages of cerebellum development and await further characterization. It is very likely that other tissues, if deeply sampled similarly, could show such complexity.
Among other phenomena, we monitored five cDNA libraries covering the development and regression of the mammary gland, because the gland development resembles breast cancer tissue for the ability of a mass of proliferating cell to invade a stromal tissue, protecting it from premature apoptosis and final apoptotic regression (Wiseman and Werb 2002) . We also investigated the development of the reproductive sys- Only matches that extend existing CDS were considered. Reference mRNAs with complete CDS without hit are not shown. Clusters were prepared without using genome alignment and later aligned to the genome sequence.
(1) Without taking into account library IDs 21, 23 and unrecognized mixed libraries.
(2) Divided as preimplantation embryo, embryo after day 6, and adult.
tem with 10 libraries, whose source tissues include regions of primordial germ cells and those of later development. Other biological cycles include nine thymus libraries, representing developmental stages from E14 through the P3 neonatal stage, when clonal deletion of self-reacting lymphocytes is highest, to adult and the associated regression of thymic tissues. In the continuation of our work, methods to resubtract amplified cDNA libraries prepared by normalizing and subtracting cDNA before cloning will be a complementary strategy to select for very rarely expressed mRNAs in order to sequence as close as possible to saturation (T. HirozaneKishikawa and P. Carninci, in prep.) . Such technologies, based on amplified cDNA library subtraction, should allow targeting a class of transcripts that all together represent 7 < 1% of the mass of mRNA in a tissue. Considering different strains may also play a role, for instance, C57Bl6/J has a mutated CDK-3 (Ye et al. 2001) , which may affect downstream pathways. Further we are selecting new, rare/very long cDNAs by size selection (>6.5 Kb), stabilization of long cDNAs and improved sequencing operation for long cDNAs. To produce functional proteins and simplify annotation, we are using, as much as possible, cytoplasmic RNA devoid of unspliced introns, polysomal, and membrane-bound polysomal RNA; this latter effort will facilitate identifying secreted and membrane proteins. In the generation of new full-length libraries, we are also looking at vectors that allow prompt transfer of clones into expression vectors . Despite prioritization of sequencing on the basis of clustering, the FANTOM2 full-length sequence set contained numerous clusters and redundancy, which was used to enable a comprehensive analysis of the frequency of alternative splicing (Zavolan et al. 2003) . A real insight into the function of the transcriptome will not be complete until alternative splice forms are identified comprehensively. The frequency of functional alternative splicing is so high, that additional sequencing of even one additional member of each multimember cluster is likely to generate many additional variant fulllength sequences. We are developing strategies to identify TU clusters in which such variation is more prevalent on the basis of EST and genomic information to prioritize additional sequencing.
Our approach can be readily applied to organisms other than mouse, including numerous model organisms, animals of alimentary interest, and plants, and to some extent, to clone the missing human full-length cDNAs. However, we anticipate that getting a complete set of human full-length cDNAs will be very challenging, due to the difficulty of sampling and restricted availability of high-quality samples. Perhaps nonhuman primates may provide mRNA for similar approaches or, alternatively, remaining human cDNAs could be collected with RT-PCR on the basis of the presence of mouse homolog mRNA sequences.
The mouse sequence information we have generated is freely available at http://genome.gsc.riken.go.jp/. These data are updated periodically, and the sequences are deposited in public databases through the DNA Database of Japan (DDBJ). Representative clones are, at the moment, available, but the complete cDNA collection (∼2 million clones) does not allow prompt distribution, although mechanisms are being considered to make it happen. Request for clones should be sent to http://genome.gsc.riken.go.jp and the e-mail address therein specified. At the moment, the first set of representative 60,770 clones fully sequenced (the FANTOM 2 set) is available. 
METHODS Preparation of cDNA Libraries
Mice (mostly C57Bl6/J) were sacrificed according to institutional guidelines. We used Cap-Trapper technology (Carninci et al. 1996 Carninci and Hayashizaki 1999) and trehalose-thermoactivated reverse transcriptase Carninci and Hayashizaki 1999) to prepare libraries enriched for full-length inserts (full-length libraries). Published protocols were adapted so that we could prepare cDNA libraries from small samples (1.5-50 µg of RNA) from microdissected tissues. Most cDNA populations were normalized . Abundant cDNAs were also subtracted by using biotinylated mRNA or in vitro-transcribed RNA driver prepared from linearized plasmid vectors as a driver with XhoI, SstI, or BamHI, depending on the cloning orientation and vector usage , or by PCR from rearrayed clone sets using primer adapters on the vector carrying T7 and T3 RNA polymerase promoters. Single-strand cDNA, full-length cDNA was normalized and subtracted by hybridization with biotinylated aliquots of mRNA. Hybridized, abundant cDNA were removed by using streptavidincoated magnetic beads and, after synthesis of the secondstrand cDNA and restriction digestion, cDNA inserts were cloned as described . We prepared nine minilibraries to use as sources of subtraction drivers. The highly expressed cDNAs were stripped from beads and cloned in parallel to normalized libraries. Approximately 1000 clones (2000 clones for brain) were amplified on SOBampicillin plates; plasmids from these clones were used to prepare RNA drivers. In addition, nonredundant or lowredundancy drivers were prepared from rearrayed bacteria as described. RNA was biotinylated by use of the Mirus kit (Panvera).
Subtraction Drivers
Other than what was published , the driver used to prepare strongly subtracted libraries was not constituted by run-off transcripts from rearrayed clones linearized by using the BamHI site that is the 3Ј-end cloning site. Instead, we used PCR to rearray pooled clones with primers containing T7 RNA polymerase promoters, and then synthesized run-off transcripts from PCR products. This was done to overcome potential problems due to the presence of BamHI in the inserts, which would cause the drivers to be limited to the 5Ј ends of clones, and, therefore, the enrichment for truncated cDNAs corresponded to the collected genes. The subtraction drivers, as shown in Table 1, complete table at www. genome.org, are as follows: mini set0: liver, lung, and brain minilibraries; mini set1: liver, lung, brain, and placenta minilibraries; or mini set2: liver, lung, brain, placenta, testis, pancreas, small intestine, stomach, and tongue minilibraries. Rearrayed clones were Nm1, 4000 clones; Nm2, 1600 clones; Nm3, 13,440 clones (rearrayed plates 2XB00001-2XB00035); Lm1, 8832 clones (low-redundancy rearray); Nm4, or 1920 clones (rearrayed plates PXB00002-PXB00006). Mixed cDNA libraries were prepared in the majority of cases by using firststrand primers that carried as a tag an arbitrary sequence of 6 bp, which differs at least two nucleotides from all of the other tags. This was recognized during the vector-masking procedures and, therefore, tissue (mRNA sample) origin of the cDNA was possible. Mixed cDNA are advantageous for stronger subtraction and tracking. Cloning vectors (FL-C-1, FL-C-II, and FL-C-III), whose cloning capacity exceeds 15 Kb, have been described . Phage libraries underwent bulk excision to yield plasmid libraries. Libraries were mainly electroporated into DH10b or DH5␣. Early libraries (Table 1 , complete table at www.genome.org) were cloned in pBluescript (Stratagene), either after bulk excision from a vector (Short et al. 1988) or by direct cloning. Library 01 was prepared by using the Capfinder kit (Clontech) and cloned in Lambda Triplex . A complete updated set of protocols is described in Bowtell and Sambrook (2002) and in the book Web site.
Sequencing Reagents and Procedures
Bacteria were picked by using Q-bot and Q-pix (Genetics) and transferred to 384-microwell plates. The bacteria were grown either at 30°C or 37°C; growth at 30°C increased the stability of clones with long inserts. Replicates of the primary plates were sent to the plasmid extraction team. The clones from each 384-well plate were grown in four 96-well plates with deep wells. After overnight incubation, plasmids were extracted with a filter-based plasmid preparation system, either manually or automatically (Itoh et al. 1999) . To minimize the ID errors of early studies based on slab-gel, we used the RISA 384 capillary sequencer . Additionally, we added known samples at fixed positions in the 384-well plates. When the control samples were not recognized, which indicates potential ID errors, we did not include the clones in the collection. A detailed list of other artifacts and quality control is available in Supplementary  Table 1 ). Resequencing of random clones from the FANTOM-1 showed that the ID error was <3% (data not shown). The RISA sequencer used an ad hoc basecaller. For each peak, the basecaller calculates and assigns a value (0-10) to the ratio between the amplitudes of the primary (signal) and secondary (noise) peaks; in addition, the basecaller assigns a value (0-4) to the amplitude of the peak. The sum of these two values (0-14) represents the confidence value of each peak. With regard to evaluating the entire sequence of a sample, the sum 0-7 corresponds to score 0 (unreliable) and 8-14 to 1.
Sequence Analysis
If not otherwise described, the clustering was made following Konno et al. (2001) , and other computer analysis, if not otherwise specified, following Okazaki et al. (2002) , and references therein. For clustering, the linkers and vector sequences were removed from sequences, then the first 200-bp regions were selected and used as TAG sequences. Different from what was published , we updated the system using BLAST 2.2.2 or later versions to create the groups (clusters + singletons) to make the nonredundant TAG library.
BLAST values 1e
‫02מ‬ or lower, with options (-F F S-1) values were preclustered together. Next, the BLAST-aligned sequences were checked for identity >90%, overlap >160 nucleotides, and overhang <10 nucleotides. To the nonredundant representative member of a cluster, new members were routinely (usually weekly) added, and sequences that did not follow such conditions became new groups.
To evaluate normalization/subtraction, actin clones that appeared in the Unigene database on April 25, 2000 were selected and compared with BLAST with 1e 20 or lower value versus the standard cDNA libraries 66-204, 67-204, 68-204, 74-204, 74-207, B0-200, C8-200, and C9-200 (29,685 sequences) and the recent satisfactory normalized-subtracted libraries A0-A9, B0-B9, and E0-E6 (237,099 sequences). For mapping our clusters on the 292 genomic sequences, we used BLAST values lower than 1e
‫55מ‬
. Transcriptional starting point analysis was done by using EST clusters subsequently aligned onto the genome.
